• Blood flow in the hemispheres of baboons three years after middle cerebral artery occlusion has been assessed by the hydrogen clearance technique. Blood flow in the infarct itself varied from very low (8 ml/100 gm per minute) to very high (89 ml/100 gm per minute) values and, averaging the values for the infarct as a whole, it was impossible to distinguish average flows in the infarct from those of the normal hemisphere. Flow values in surrounding zones of the infarct remained significantly lower than those of comparable normal hemispheres, and, excluding the infarct, the mean average hemispheral blood flow was 35.2 ml/100 gm per minute. This indicates a significant reduction in flow in the cortex, subsequently shown histologically to be normal, compared with normal blood flow values for the baboon hemisphere. Autoregulation was lost in the infarct and impaired in surrounding tissue. CO 2 reactivity was grossly reduced in the hemisphere as a whole but was present in all areas, even occasionally in electrode placements within the infarct itself. After perfusion fixation of the head, pathological study of the area of infarction showed a fairly consistent distribution, the infarct itself consisting of many dilated blood vessels of non-capillary nature scattered among fibrous tissue in what was virtually a glial scar. 4 and the relative significance of the various types of curve analysis 6 have been established, and there is now a common language among clinical cerebral blood flow investigators the world over. Focal changes, taking the form of either an increase or a decrease in local flow, have been observed in completed strokes, 6 -7 and considerable disturbances of rCBF have been demonstrated even after such apparently benign-seeming incidents as transient ischemic attacks (TIAs). 8 Other studies in animals, in which the middle cerebral artery (MCA) has been occluded, have demonstrated that cerebral infarction or ischemia is associated with a profound change in cortical circulation and a decrease in cortical or cerebral blood flow (CBF). 912 Evidence of increased flow in collateral vessels has been demonstrated in animal studies, 13 and has been supposed from focal areas of increased blood flow in relation to infarcts in clinical studies. The view which has emerged from both clinical and experimental studies is that the two main abnormalities of regional perfusion characteristic of cerebral ischemia are either reduced flow in the infarct itself or an increase in flow in the surrounding tissue, usually referred to as hyperemia.
Additional Key Words
In the clinical sphere, analysis of flow by external collimation involves areas of brain which are seldom directly examined. Flow reduction may appear primarily in the fast components, may affect both fast and slow components equally, or may be indicated only by a change in the weight of one component, detected by two-compartmental analysis. Hyperemia may be indicated as an increase in the proportion of the fast component or an increase in the apparent rate of the fast component; alternatively, it may be indicated by a true increase in flow as detected by height-over-area method of analysis. Clinicopathological substantiation of blood flow patterns, however, have been few, and in our own experience, 14 some disparity between the characteristics of the lesion at autopsy and those seen perhaps some weeks before at blood flow analysis has been observed. One particular phenomenon which we have observed has been the so-called "white matter infarct," in which it appears that although there is a general reduction in
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flow there is a very notable reduction in the slow flow component, with an apparent relative increase in the proportion of fast clearing tissue. The theoretical understanding of this phenomenon has always been difficult. It is characteristic of the xenon clearance technique that even well-collimated probes in human subjects yield average blood flow values over a considerable area of brain. In the experimental animal situation, collimation problems are so great that radioisotope probes, however small, cannot precisely apportion to any given tissue the flow values which they have recorded. This is so both in relation to the area seen by the probe, which may, for example, include almost the entire hemisphere, and even if one uses the very small probes, such as those recently reported by Reivich, 15 in the cut-off of depth when, for example, basal ganglial tissue is visible in probes recording primarily cortical blood flow. If basal ganglial blood flow remains intact while cortical blood flow is impaired, confusing results are inevitable. Therefore, it seemed desirable to us to establish in an experimental study a clear correlation between focal flow phenomena and actual tissue damage in a chronic stable infarct.
The present study reports the analysis of local blood flow carried out by our recent modification 16 of the hydrogen clearance technique 17 in a group of animals with an infarct of known age. In these animals, whose clinical details are recorded in the preceding paper, 18 the infarct was produced by occlusion of the MCA and some of its basal ganglial supply branches three years before the terminal experiment.
Methods
Eight baboons who had MCA occlusion and survived for three years following the occlusion form the basis of the present study. The animals were in the weight range of 1616 to 30 kg at the beginning of the study, and their final weights ranged between 20 and 27 kg; all showed a weight gain in the three years of study with one exception, an animal who decreased from 30 to 27 kg. The technique of MCA occlusion and the cinematographic observations made from time to time have been described in the previous paper. 18 At the end of the three years, the infarcts were entirely stable and, in fact, from some four months after the occlusion it was difficult to detect clinical change in the animals. From one year, the behavior of the animals remained static. The terminal experiment was carried out after phencyclidine tranquilization. Anesthesia was induced with a sleep dose of thiopental intravenously and was maintained under artificial ventilation, respiratory efforts being suppressed with gallamine triethiodide (1 mg per kilogram), repeated as necessary. Basal anesthesia was achieved with alpha chloralose (60 mg per kilogram) intravenously. The detailed techniques have been described. 19 The entire lateral aspect of the cerebral hemisphere was carefully exposed at craniotomy. Adhesions between the dura and the infarct were carefully divided, and it was noteworthy that several arterialized communications between the dura and the leptomeningeal aspect of the hemisphere were invariably found in this group of animals. These adhesions are occasionally present in the normal baboon but are never arterialized, and it must be assumed that the vascularization developed as a consequence of the ischemic insult. Blood flow within the substance of the cerebral cortex was monitored by a group of hydrogen electrodes (sharpened, bared platinum wires with a basal diameter of 300 v tapering to a tip, the exposed platinum being 1 mm in length). Details of the amplification and energizing system for the polarographic electrodes have been published, 16 and the techniques used in the present experiment were essentially those previously described.
A separate, small craniectomy was made in the contralateral or control hemisphere, and a group of thin hydrogen electrodes was introduced into the parietal region to obtain a representative control hemispheric blood flow. The grouping of electrodes is shown in figure 1 . The record- 
SYMON, CROCKARD, DORSCH, BRANSTON, JUHASZ
ings were assessed in a series of arbitrarily chosen descriptive areas, which corresponded in many respects to the areas described in our distribution maps of the density of ischemia following acute MCA occlusion in the baboon. 20 Thus, the superior parasagittal zone corresponded to Zone C of the previous work, the posterior area corresponded to Zone D, the intermediate area corresponded approximately to Zone B, and the zones of peri-infarct and infarct were a fractionation of the previously described Zone A. A comparison of the two sets of descriptive areas is shown in figures la and b. Basal blood flow rates were first calculated, and then the animals were exposed to an increased tension of CO 2 by increasing the CO 2 content of the inspired gas. CO 2 reactivity having been determined, the animals were then exsanguinated by the gradual withdrawal of venous blood, and autoregulatory curves for the various electrode zones were established. After sacrifice, the animals were perfused, first with saline solution to clear the brain and then with FAM (formol-acetic acid and methanol solution). The brains were removed and fixed in FAM. The pathological analysis will form the basis of a further report (Brierley and Symon, to be published).
BLOOD FLOW CALCULATION
Calculation throughout of blood flow was by two-minute clearance following saturation with hydrogen gas by inhalation. The technique has already been described, 16 and twominute clearances were employed in preference to compartmental analysis, since the validity of compartmental analysis in ischemic lesions has been questioned. 20 By this technique also, any transition between monoexponential and biexponential flows during the reduction in blood flow of autoregulatory testing could be avoided.
Results

BASAL FLOW RATES
Basal flow rates obtained from the electrode in the control hemisphere, sited somewhere in the junctional areas of Zones B and D in figure lb, were 44.5 ml/100 gm per minute (SD 8.3.). In the larger group of 13 animals previously reported, 20 the hemispheral flow value from all electrodes was 48.8 ml/100 gm per minute (SD 5.5). The slightly lower values in the present study are consistent with the position of the control hemispheral electrode. Inhomogeneity of hemisphere perfusion, however, was present in the previous study, basal flow rates being 48.2 ml/100 gm per minute ± 12 in Zone A, 54.4 ml/100 gm per minute (SD 19) in Zone B, 52.5 ml/100 gm per minute (SD 16.5) in Zone C, and only 40.1 ml/100 gm per minute (SD 14.0) in Zone D. Flow values in the present control hemisphere electrodes therefore are consistent with the previously noted distribution of flow. Over the entire affected hemisphere, basal flow rates were low. If the area of the infarct is excluded, the average mean flow of the other electrodes placed in the cortex, which appeared on subsequent pathological examination indistinguishable from normal, was 35.2 ml/100 gm per minute (SD 2.9). Compared with the summed mean hemisphere blood flow in the previous group or with the control hemisphere value of the current group, this represents a significant decrease in flow (P < 0.001). Taking individual electrode positions in the present series, however, the values of 37 ml/100 gm per minute (SD 10.5) in the posterior electrode positions and 37.5 ml/100 gm per minute (SD 13.3) in the superior electrode positions were not significantly different from the control hemisphere, due probably to the small sample size. Intermediate zone flow values of 32.6 ml/100 gm per minute (SD 14.5) were significantly lower (P < 0.05), and the parietal opercular flow values of 30.9 ml/100 gm per minute (SD 9.7) were significantly different from the control hemisphere (P < 0.01). The temporal opercular flow values of 38 ml/100 gm per minute (SD 23.1) were not significantly different from control. It may be more valid, however, to compare the present electrode positions with comparable electrode positions in the completely normal hemisphere because of the inhomogeneity of perfusion of the normal hemisphere. Thus, comparing electrodes in periinfarct and intermediate areas against the previously reported group of electrode positions in Zones A and B, 20 the three electrode sites in the current series were significantly different from the expected values (P < 0.005). Flows in the superior part of the hemisphere, when tested against the flow values expected in Zone C in the previous series, were not significantly different (P < 0.08). Flow values in the posterior electrodes tested against the previous group's expected flow values for Zone D (the parietooccipital association areas) were again not significantly different (P > 0.05). Therefore, it appears that while there is a general depression in flow in the control hemisphere, this is least marked in the parietal-parasagittal areas and in the posterior part of the hemisphere, and most significant in the periinfarct areas.
The flows obtained from the infarct itself were most interesting. As a rule, two electrode sites were assessed in the infarct, one above and one below the sylvian fissure. In the suprasylvian portion of the infarct, the values ranged from a low electrode recording of 21.3 ml/100 gm per minute in Experiment 3 to a high recording of 89 ml/100 gm per minute in Experiment 2. The mean value for the suprasylyian portion of the infarct over the eight experiments was 48 ml/100 gm per minute (SD 23), and infarct flow therefore could not be statistically differentiated from flow in the control hemisphere, nor from the expected flow in Zone A in the previous normal hemispheres. Mean values from electrodes recording actually within the infarct itself were exactly those of the mean control values in the opercular areas in the normal hemispheres previously reported. In the temporal zone of the infarct, however, although infarct flows varied from the low value of 8.3 ml/100 gm per minute in Experiment 7 to a high value of 53 ml/100 gm per minute in Experiment 6, the mean of 31.4 ml/100 gm per minute (SD 16.2) was appreciably lower than the expected value in a comparable region in the normal LOCAL CM AND VASCULAR REACTIVITY hemisphere (P < 0.05). The figures for the various electrode positions in the current experiments are detailed in table 1.
When a comparison is made between the flow rates obtained in the hemispheres in the current series of experiments three years after infarct and those in the previous group 80 immediately after occlusion (table 2 and figure 2) , it is clear that there has been considerable modification of the pattern of flow from what might be expected immediately following the stroke. Thus, comparing the current superior set of electrodes against the immediate postocclusive flow in Zone C, there has been no significant change, and the same applies when comparison is made between the present intermediate group of electrodes and those of the previous Zone B. In every other case, however, considerable modification in the immediate postocclusive flow has occurred. Thus, the combined parietal and temporal peri-infarct flows, giving a mean of 34.3 ml/100 gm per minute (SD 14.2), show a significant increase from the immediate postocclusive values in the previous Zone A of 12.48 ml/100 gm per minute (SD 6.6) (P < 0.005). In the same way, the total mean flows of 39.7 ml/100 gm per minute (SD 13.4), obtained from the infarct (including both parietal and temporal electrodes), are significantly different from the immediate postocclusive flow in Zone A (P < 0.001). Zone D (the posterior zone of the hemisphere) also has shown an apparent increase from immediately following MCA occlusion, the value of 37 ml/100 gm per minute (SD 10.5) being significantly higher than the previous immediately postocclusive group values of 21.3 ml/100 gm per minute (SD 7.8) (P < 0.01).
CO, MACTIVITY
CO 2 reactivity in the control hemisphere was assessed to an increase in PCQ, of 20 mm Hg (SD 6), the increase in blood flow obtained in the control electrode was 3.3%/mm Hg CO 2 increase (SD 2.8). Previous experiments had shown that CO 2 reactivity in the normal hemisphere varied from 6%/mm Hg increase in PCO2 in the opercular zone to 4.5%/mm Hg increase in the intermediate and parasagittal zones. The control electrode position in the present series of experiments approximated most closely to parasagittal and posterior areas, indicating that the CO 2 reactivity in the control hemisphere was slightly lower, although not significantly different from the previous group of animals. There was no good evidence, therefore, of a generally diminished cerebrovascular reactivity in the control hemisphere. In the affected hemisphere, however, CO 2 reactivity was strikingly lower than in normal hemispheres. The posterior and superior zones were best preserved, as indeed was the case in basal flow, but even in these two areas CO 2 reactivity was reduced to 1.5%/mm Hg (SD 1.4) in the posterior zone, and 1.7%/mm Hg (SD 0.9) in the superior zone. This was not significantly different in either case compared with present figures for the control hemisphere. However, when compared with the expected CO 2 reactivity for Zone C (4.4%) and Zone Infarction was substantially confined to basal ganglia, the body and anterior horn of the ventricle were expanded, and the whole hemisphere shrunken. There was a little damage in the amygdaloid nucleus and in the body of the caudate nucleus, but the head of the caudate nucleus was much reduced, only a small portion of it close to the subfrontal cortex being retained. The putamen was much reduced in size or absent, and the globus pallidus was greatly affected. The anterior part of the internal capsule was almost always severely involved, and had sometimes disappeared. The thalamus was narrowed and reduced in size and corresponding reduction in the size of the pyramid was evident as low as the medulla. Cortical damage was restricted to the insula and adjacent portions of the frontal and temporal opercula, but the lateral aspect of the hemisphere appeared generally histologically normal. The infarct itself consisted of a loose meshwork of glial tissue without definite capillary structure but with many dilated vascular channels and large veins and arteries. Discussion The highly focal nature of hydrogen electrode recording enables the localization of flow abnormality to the tissue studied with great accuracy, but the very narrowness of the area studied with such small electrodes means that, for statistical purposes, it is necessary to mean flows from electrode sites close together to compare with those of other areas in the same preparation, or with the expected flow values for a comparable area in entirely different animals. It is probable that these more averaged flow values are not dissimilar in area to those obtained with a small xenon probe, although the restriction to cortical analysis possible with hydrogen cannot be reproduced by xenon studies, however small the probe may be. In human study with accurate external collimation, areas of corresponding size may be seen and, therefore, we feel that the current studies of the chronic infarct may be well related to the type of picture seen by the 16-detector or 32-detector systems currently employed in many circulatory laboratories. It is of great interest and importance, therefore, that in the present study there was unequivocal evidence of very high flows actually within the infarct. The infarct has been shown to consist of a few blood vessels of non-capillary nature scattered among fibrous tissue in what is virtually a glial scar, and yet flow values of up to 89 ml/100 gm per minute were recorded in some of our electrodes. The present results, therefore, suggest that such extremely high flow rates may be in the nature of tissue shunts in which there was no viable tissue to perfuse, and blood passed at a somewhat less than normal arterial flow rate through a network of abnormal blood vessels within the infarct and straight out into venous channels. Such phenomena are doubtless the origin of the early filling veins 21 seen on angiography in certain cases of cerebrovascular disease in humans. The very high flow rate on two-minute clearance, in fact, is not indicative of hyperemia (there is no true tissue to be subjected to hyperemic flow) and it is a mistake, therefore, to interpret such flows in human cerebrovascular tissue as invariably indicative of hyperemia; indeed, they may be no more than shunt flow within the infarct itself. They no doubt represent what Paulson 22 regarded as tissue shunts. Of course, no inert gas saturation technique will see areas of brain in which there is no circulation at all. The net effect of the presence of an infarct in which the nonperfused area does not register is a mixture of high and low flow areas, resulting in an averaged recording which is apparently normal. In our own case, the summed mean flow of the infarct could not be distinguished from the expected normal flow of the comparable area in a previous series of normal uninfarcted animals. Flow records from the actual infarct are highly colored by the occasional pathological clearance rate obtained from abnormal vessels, which retain flow but contribute nothing to surrounding tissue perfusion. It is clearly important, therefore, to consider the potential pathology of the microvasculature as well as the tissue as a whole in the analysis of such blood flow records.
In the present group of experiments, the reactivity studies confirmed fairly well accepted tenets of cerebrovascular physiology. The area of dense infarction demonstrated in our pathological studies was associated with generally diminished or absent CO 2 reactivity. Even within the infarct, however, certain electrodes displayed continuing CO 2 reactivity and, indeed, in the temporal region of the infarct, the depression in CO 2 reactivity was not distinguishable statistically from CO 2 reactivity of the control hemisphere, although it was somewhat less than expected opercular CO 2 reactivity as compared with the previous series of normal animals. These electrodes were placed in what was virtually scar tissue and it appears, therefore, that, as acute studies have previously shown, 23 CO 2 reactivity is the last vascular reflex to disappear in association with ischemic brain damage. In the parietal portion of the infarct, CO 2 reactivity was extremely low, and CO 2 reactivity was also reduced in the peri-infarct and in the intermediate zone of the hemisphere, where histological examination of the brain was virtually normal. The CO 2 reactivity of the hemisphere as a whole was much reduced compared with the CO 2 reactivity expected from the normal baboon hemisphere. The slightly low values for CO 2 reactivity in the control hemisphere in the present group do not represent a significant variation from normal, considering the position of the control electrode.
Autoregulation showed a similar picture, being substantially abolished in the infarct and parietal periinfarct areas, and very much reduced in the intermediate area of the hemisphere. There could be no continuing pathological change at three years following the infarction, and it thus appears inescapable that the severe insult to the cerebral circulation induced by the infarct resulted in a permanent disorder of circulatory capacity to respond to normal stress. Those areas having the most stress as the result of the neighboring infarct were most affected, and their reaction to hypotension remained abnormal years after the pathological situation had become stabilized. The disorder of reactivity persisted, therefore, beyond the evolving phase of reactive change to the infarction itself. The significance of these two facts (continued autoregulatory impairment and diminished CO 2 reactivity) cannot be overemphasized. A major ischemic episode in the cerebral hemisphere must be presumed to be associated with permanent incapacity of much of the surrounding circulation of that hemisphere to adapt to normal physiological stress: either focally increased PcQz which we presume to be the mechanism for the adaptation of the cerebral circulation to increased metabolic demands, or to transient hypotension or, presumably, hypertensive stresses which may be imposed on the circulation, e.g., during anesthesia for surgery or during effort. Examples of patients with severe ischemic disease who have been markedly worsened by an incidental hypotensive anesthetic are well known. Thus, patients with undetected MCA stenosis may become completely hemiplegic if the systemic blood pressure is lowered for surgical convenience. When a patient with severe established ischemic disease becomes incidentally ill, e.g., with a respiratory disorder, the reduced CO 2 reactivity present in association with established ischemic lesions may be associated with worsening of the cerebrovascular problem from the incapacity of the periischemic zone to react as effectively to increased CO 2 as the remainder of the hemisphere. It is noteworthy, however, that in the present group of animals there was no evidence of the steal phenomenon in response to CO 2 26 where the age of the incident is almost always greater than that of the acute insult studied in the laboratory.
The presence of a large infarct within the hemisphere resulted in a generally low blood flow in the affected hemisphere. While the flow in the control hemisphere in the same animal appeared a little lower than one might have expected, it was not significantly different from control values in a larger previous group of animals, and thus there was no confident evidence of the phenomenon of diaschisis which has been referred to by other workers. 27 ' 28 To obtain evidence on this point, however, it would be necessary to make many more recordings over the normal hemisphere in infarcted animals which, for technical reasons, was not found particularly easy in the present series. In the hemisphere containing the infarct, however, the general picture was of reduced blood flow. The flow in terms of absolute units per 100 gm of tissue was reduced, despite the fact that the tissue in many areas of this hemisphere appeared histologically normal. It is difficult, therefore, to escape the conclusion that reduced function in the hemisphere, despite the presence of a normal quantity of brain tissue, will be associated with reduced blood flow. It is of further interest that the pattern of flow over the infarcted hemisphere showed a considerable change from the pattern of a previous group of animals studied immediately after infarction. It has been our experience 20 that little immediate change in blood flow pattern occurs within an hour or two of infarction, but clearly at some time following the infarct the peripheral zones of the densely ischemic area (the previous Zone A) have returned toward normal. This, of course, is associated with the observation that the actual area of infarct involved only the most densely ischemic part of Zone A, which was not fractionated from the zone as a whole for problems of statistical accuracy in the previous work. In the intermediate zone of the hemisphere, the blood flow showed but little change and the same applied to the superior region, both of these areas presumably being adequately supplied by collaterals fairly rapidly following the infarct. The post-parietal region, however, in the watershed between the middle cerebral and posterior cerebral distribution, showed a distinct difference from the immediate post-infarcted flow pattern, and clearly this area of brain had acquired a considerable increase in blood flow in the three years following the stroke. The primary time relationships of this increase can be inferred from other workers, and the modifications may well have taken place within the first 12 to 14 hours, although, from our own data, no such statements could be made.
The current series of experiments are of great interest in relation to the question of essential blood flow levels necessary for structural, as opposed to functional, survival of the tissue. We have already demonstrated 29 that function, as judged by the evoked response, is lost when flow values fall appreciably below 20 ml/100 gm per minute, and that this is a fairly sharp threshold above which electrical function appears to be fully maintained. In this respect, our findings agree with those of Boysen and her colleagues 30 and Sundt and his colleagues, 31 both obtained from clinical studies of the EEG during carotid disobliteration operations. In the current experiments, however, although obtaining electrical responses did not form part of the study, the area in which such evoked responses were found was histologically normal. There was no evidence of even partial infarction of the tissue in the lower part of the rolandic fissure, and it is clear, therefore, that cells which presumably did not function immediately following ischemia and which had impaired function, as judged by the clinical deficit in the present group of animals, were structurally normal. Further, the anterior part of the opercular zone in the previous group of experiments showed flow appreciably lower than the 25% of basal flow in Zone A as a whole, and here values of less than 10 ml/100 gm per minute would be reached. It was this region which showed structural destruction in the present experiments. It would appear, therefore, that there may be a definite intermediate range of blood flow values, between 10 and 20 ml/100 gm per minute, in which tissue will survive structurally but will not function. The implication of this hypothesis in relation to the potential treatment of cerebrovascular disease cannot be overemphasized. Further functional studies related to the evolving infarct are clearly of importance. From the extensive capsular loss in the present series, however, the preservation of cortical structure without apparent cortical function on clinical grounds may relate in part to deep white matter and basal ganglial damage so that the cortical tissue, preserved structurally, may in effect be functionally disconnected from the organism as a whole.
The present group of experiments, in which the ischemic lesion was studied long after the circulatory changes had become stable, represents the other end of the spectrum from the acute ischemic lesion most commonly studied in the experimental laboratory within the first few hours of its evolution. It will clearly be of interest and importance to study the transition between the reactions established as typical of acute ischemic lesions and those which in the present group appear characteristic of a chronic stable stroke.
